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FOG, a Multitype Zinc Finger Protein, Acts as
a Cofactor for Transcription Factor GATA-1 in
Erythroid and Megakaryocytic Differentiation
Alice P. Tsang,* Jane E. Visvader,* Second, GATA-1 is required for terminal differentiation
of erythroid precursors into red bloodcells and for matu-C. Alexander Turner,* Yuko Fujiwara,*²
Channing Yu,* Mitchell J. Weiss,* ration of megakaryocytes to shed platelets (Pevny et
al., 1991; Shivdasani et al., 1997). Precursor cells lackingMerlin Crossley,*³ and Stuart H. Orkin*²§
*Division of Hematology/Oncology GATA-1 arrest in their maturation and undergo either
apoptosis or unrestrained proliferation (Pevny et al.,Children's Hospital and Dana-Farber
Cancer Institute 1995; Weiss and Orkin, 1995; Shivdasani et al., 1997).
Third, among transcription factors critical for hemato-Department of Pediatrics
Harvard Medical School poiesis, GATA-1 is unique in its ability to change the
lineage phenotype of recipient hematopoietic cells.²Howard Hughes Medical Institute
Children's Hospital Forced expression of GATA-1 reprograms transformed
chicken myeloblasts into erythroblasts, thromboblasts,Boston, Massachusetts 02115
or eosinophils (Kulessa et al., 1995), and reprograms
myeloid cells of the mouse line 416B into megakaryo-
cytes (Visvader et al.,1992). Finally, GATA-1 is the found-Summary
ing member of the GATA-factor family, of which repre-
sentatives have been shown to serve essential butThe hematopoietic transcription factor GATA-1 is
distinct roles in development. These include the involve-essential for development of the erythroid and mega-
ment of GATA-2 in hematopoietic progenitor cell prolif-karyocytic lineages. Using the conserved zinc finger
eration (Tsai et al., 1994), GATA-3 in T-lymphocyte devel-DNA-binding domain of GATA-1 in the yeast two-
opment (Ting et al., 1996), and GATA-4 in heart tubehybrid system, we have identified a novel, multitype
formation and ventral morphogenesis (Kuo et al., 1997;zinc finger protein, Friend of GATA-1 (FOG), which
Molkentin et al., 1997).binds GATA-1 but not a functionally inactive mutant
Initial structure±function studies provided a conven-lacking the amino (N) finger. FOG is coexpressed with
tional view of the GATA-1 protein. DNA binding wasGATA-1 during embryonic development and in ery-
shown to be mediated by a domain comprised of twothroid and megakaryocytic cells. Furthermore, FOG
homologous zinc fingers, each of the configuration Cys-and GATA-1 synergistically activate transcription from
X2-Cys-X17-Cys-X2-Cys (Evans and Felsenfeld, 1989;a hematopoietic-specific regulatory region and coop-
Tsai et al., 1989), the signature of the GATA-family. Theerate during both erythroid and megakaryocytic cell
differentiation. These findings indicate that FOG acts carboxyl (C) finger is essential for DNA binding, whereas
as a cofactor for GATA-1 and provide a paradigm for the amino (N) finger stabilizes binding, specifically at a
the regulation of cell type-specific gene expression by small subset of GATA motifs (Trainor et al., 1996). Re-
GATA transcription factors. porter assays performed in nonhematopoietic cells
identified several transcriptional activation domains. An
N-terminal region was shown to be strictly required for
Introduction transcriptional activation and conferred activation upon
fusion to a heterologous DNA-binding domain (Martin
The development of mature blood cells of distinct lin- and Orkin, 1990).
eages (e.g., erythrocytes, lymphocytes, neutrophils, and Nonetheless, other findings undermine the notion of
megakaryocytes) from pluripotent hematopoietic stem GATA-1 as a simple transcriptional activator. First, the
cells involves the progressive restriction of differentia- primary polypeptide sequence of GATA-1 is poorly con-
tion potential and the establishment of a cell-specific served outside the zinc finger domain among GATA-1s
program of gene expression. The processes governing of various species (Orkin, 1992). Second, the ªessentialº
these pathways are complex, presumably mediated by N-terminal transactivation domain is dispensable for
specific combinations of cell-restricted as well as widely megakaryocytic conversion of 416B cells (Visvader et
expressed transcription factors (Orkin, 1995). al., 1995), partial rescue of GATA-12 embryoid bodies
Among transcription factors essential for various as- (Blobel et al., 1995), and complete rescue of terminal
pects of hematopoietic development, the zinc finger pro- maturation of GATA-12 erythroid precursor cells (Weiss
tein GATA-1 is notable in several respects. First, it is et al., 1997). In these assays, biological activity appears
abundantly expressed in erythroid and megakaryocytic to reside in the zinc finger DNA-binding domain. The N
cells (Evans and Felsenfeld, 1989; Tsai et al., 1989; Mar- finger of GATA-1, which is largely dispensable in nonhe-
tin et al., 1990; Romeo et al., 1990), and its cognate DNA- matopoietic reporter assays, is of particular significance
binding motif is present in the cis-regulatory elements of as it is strictly required for terminal erythroid maturation
virtually all characterized genes specifically expressed (Weiss et al., 1997). To account for functional differences
in these lineages (Orkin, 1992; Shivdasani et al., 1997). in hematopoietic and heterologous cells, we have spec-
ulated that GATA-1 requires a nuclear cofactor to regu-
late transcription of critical target genes during erythroid³Present address: Department of Biochemistry, University of Syd-
and megakaryocytic differentiation (Weiss et al., 1997).ney, NSW 2006, Australia.
§To whom correspondence should be addressed. By direct interactionwith GATA-1, such a cofactor would
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Table 1. Specific Interactions between FOG and the Amino-Terminal Zinc Finger of GATA-1
Growth on Trp2
DNA-Binding Domain Hybrid Activation Domain Hybrid Leu2 His2 Medium Colony Color
GATA-1 N finger (aa 200±254) Ð 2 White
GATA-1 N-C fingers (aa 200±338) Ð 2 White
GATA-1 C finger (aa 249±338) Ð 2 White
Ð FOG (M10) 2 White
GATA-1 N finger (aa 200±254) FOG (M10) 1 Light blue
GATA-1 N-C fingers (aa 200±338) FOG (M10) 1 Light blue
GATA-1 C finger (aa 249±338) FOG (M10) 2 White
GATA-1 (aa 283±413) FOG (M10) 2 White
GATA-1 (aa 305±413) FOG (M10) 2 White
GATA-2 N finger (aa 281±329) FOG (M10) 1 Light blue
hGATA-3 N finger (aa 259±307) FOG (M10) 1 Light blue
Rbtn2/LMO2 FOG (M10) 2 White
p53 (aa 72±390) FOG (M10) 2 White
HF7c yeast cells were cotransformed with expression vectors encoding various GAL4 DNA-binding domain and activation domain fusion
proteins. Each double transformant was plated on Trp2Leu2 and Trp2Leu2His2 plates and tested for expression of lacZ by b-galactosidase
filter assays. Expression of hybrid proteins was confirmed by Western blot analysis (data not shown).
link DNA-bound GATA-1 to other transcription compo- FOG encodes a novel protein with homologies tonumer-
ous zinc finger proteins. As shown in Figure 1A, FOGnents and, in so doing, provide a combinatorial signal
for cell-specific gene expression and differentiation. contains nine putative zinc fingers (F1±F9) that are of
two different types, the C2H2 and the C2HC types. TheseHere we describe the characterization of Friend of
GATA-1 (FOG), a GATA-1-interacting, nuclear zinc± fingers are distributed throughout the protein and occur
either singly or in clusters (Figure 1B). The C2HC zincfinger protein that fulfills criteria of the predicted GATA-1
cofactor. FOG and GATA-1 are coexpressed during fingers show moderate homology with each other and,
with the notable exception of cysteine in place of theembryonic and hematopoietic development and syner-
gistically activate transcription from a hematopoietic- final histidine, conform well to the C2H2 zinc finger con-
sensus. Of the four C2H2-type zinc fingers, F2 and F3specific regulatory region. Most importantly, FOG and
GATA-1 cooperate in both erythroid and megakaryo- are separated by the evolutionarily conserved H/C-link
motif and closely resemble the double zinc finger motifscytic cell differentiation. Taken together, our results sug-
gest that FOG serves as an in vivo cofactor for GATA-1 found in several zinc finger proteins (see Discussion).
Except for its double zinc finger, however, FOG sharesaction in hematopoietic cells and provide a paradigm
for the control of GATA-factor function via highly specific no other sequence similarities with these proteins.
interactions with the zinc finger domain.
Ternary Complex Formation by FOG and GATA-1
on DNAResults
To determine if FOG can be recruited to the GATA con-
sensus motif through association with the N-f of GATA-1,Isolation of FOG, a Novel Zinc Finger Protein
We used the yeast two±hybrid system to identify we designed a yeast one±hybrid system (Figure 2A). The
reporterplasmid contains multimerized GATA motifs up-GATA-1-interacting proteins. Based on the in vivo re-
quirement for the N finger (N-f) of GATA-1 in erythroid stream of a minimal CYC1 promoter controlling a lacZ
reporter gene. This reporter showed little backgroundcells (Weiss et al., 1997), we constructed a bait in which
the GAL4 DNA-binding domain was fused to the GATA-1 activity (Figure 2B, lane 2) and was efficiently transacti-
vated by full-length GATA-1 (lane 1). For baits, we ex-N-f. A screen of 6 3 106 primary transformants of a
murine erythroleukemia (MEL) cell cDNA expression li- pressed either both zinc fingers of GATA-1 (aa 200±338)
or the C-f alone (aa 249±338), under the control of abrary yielded 17 potential positive clones. Two clones,
each represented twice, were found to interact with the galactose-inducible promoter. As the C-f is necessary
and sufficient for DNA binding (Martin and Orkin, 1990),N-f of GATA-1 with high specificity (Table 1). Neither
clone interacted with the C finger (C-f) of GATA-1, nor both baits were competent to bind the GATA motifs.
However, neither bait alone activated transcription ofwith Rbtn2/LMO2, a LIM-domain protein that is highly
expressed in erythroid cells (Warren et al., 1994). Se- the reporter gene (lanes 3 and 4). As shown in lane 7,
coexpression of a FOG activation domain hybrid, con-quence analysis revealed that the two clones, desig-
nated M10 and M22, contained independent, partial sisting of the GAL4 activation domain fused to the por-
tion of FOG encoded by clone M10, together with bothcDNA inserts derived from the same mRNA. We named
the protein encoded by this mRNA FOG. fingers of GATA-1 resulted in a 50-fold increase in re-
porter gene activity. This increased activity was depen-Full-length 3.4 kb FOG cDNA was assembled from
overlapping clones obtained by screening two murine dent upon the presence of the finger bait, as it was not
observed when the FOG activation domain hybrid waserythroid cDNA expression libraries with the M10 cDNA
insert. The 2988 nt open reading frame (ORF) encodes expressed alone (lane 5). In addition, no stimulation of
activity was observed when the FOG activation domaina protein of 995 amino acids (aa) with a predicted molec-
ular mass of 110 kDa. Databank searches indicate that hybrid was coexpressed with the C-f alone (lane 6).
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antiserum reactive against the N terminus of FOG. This
antiserum detects a 150 kDa protein in MEL cells and
in COS cells transfected with an expression vector en-
coding full-length FOG. The discrepancy between the
predicted (110 kDa) and apparent (150 kDa) molecular
mass of FOG is presumably due to its multiple zinc
fingers and/or its high proline content. Expression vec-
tors encoding full-length FOG and GATA-1 were tran-
siently transfected into COS cells. Nuclear extracts were
immunoprecipitated using an a-GATA-1 monoclonal an-
tibody or an isotype-matched monoclonal control anti-
body. By immunoblotting with a-FOG antibody, FOG
was specifically detected in cotransfected cells immu-
noprecipitated with the a-GATA-1 antibody (Figure 2D,
lane 5). FOGwas not detected in mock-transfected cells,
in cells expressing only GATA-1 or FOG, or in immuno-
precipitations with control antibody (lanes 1±4). Consis-
tent with results obtained in yeast cells and in vitro, FOG
did not coprecipitate with a GATA-1 mutant lacking the
N-f (lane 7), indicating a critical requirement for this
finger in the in vivo interaction between FOG and
GATA-1.
To test this interaction in erythroid cells, MEL cell nu-
clear extracts were immunoprecipitated with a-GATA-1
or control antibody. As shown in Figure 2D, lanes 8±9,
FOG specifically coprecipitated with GATA-1. This result
confirms the in vivo association of FOG with GATA-1
and, importantly, demonstrates that this association oc-
curs in native cells.
Coexpression of FOG and GATA-1 during Mouse
Embryonic Development
Figure 1. Sequence Analysis of FOG To determine the expression pattern of FOG at the yolk
(A) Deduced amino acid sequence of FOG cDNA. Zinc finger motifs sac stage of hematopoiesis, we performed whole-mount
are underlined. RNA in situ hybridization analyses. FOG transcriptswere(B) Schematic diagram of the structure of FOG. The regions of FOG
detected in two extraembryonic mesodermal deriva-encoded by the partial cDNA clones M10 and M22 are also dia-
tives, the yolk sac and the allantois (Figure 3A). Expres-grammed. Zinc fingers are symbolized by ovals. Regions enriched
for certain amino acids are indicated. Gray shading depicts the sion in E8.5 yolk sacs appeared patchy and resembled
minimum region of FOG required for interaction with GATA-1 in the pattern of GATA-1 expression detected by immuno-
yeast cells. pro, proline. histochemistry (Figure 3B). On cross-sections, FOG ex-
pression was localized to the embryonic red blood cells
within the yolk sac blood islands (Figures 3C and 3D).Taken together, these results demonstrate that in yeast
FOG and GATA-1 expression patterns were also exam-cells FOG interacts specifically with the N-f but not the
ined at the fetal liver stage by in situ hybridization ofC-f of GATA-1 to form a ternary complex on DNA.
midsagittal sections from E12.5 embryos (Figures 3E
and 3F). Both genes are highly and specifically ex-In Vitro and In Vivo Association of FOG and GATA-1
pressed in fetal liver. Whereas GATA-1 expression isTo confirm the specific interaction between FOG and
entirely restricted to the fetal liver at this stage, FOGGATA-1 observed in yeast cells, we first examined the
transcripts could be detected at a low level in the intesti-potential direct interaction of FOG with GATA-1 in vitro.
nal epithelium and in the midbrain. From these findings,Full-length GATA-1 was expressed in Escherichia coli as
we conclude that FOG is coexpressed with GATA-1 ina glutathione-S-transferase (GST) fusion protein. Both
the major hematopoietic tissues of the developingfingers of GATA-1, as well as the N-f alone, were also
mouse embryo.expressed as GST fusion proteins. Fusion proteins were
immobilized on glutathione agarose beads and incu-
bated with in vitro±translated, 35S±methionine-labeled Expression of FOG within the Hematopoietic System
The pattern of FOG expression within the hematopoieticFOG (aa 279±760). As shown in Figure 2C, FOG specifi-
cally associated with all of the GATA-1 derivatives, in- system was determined by Northern blot analysis of
mRNA from variousmouse tissues and cell lines. A majorcluding the N-f only, but failed to associate with GST
alone (lane 4) or with the unrelated protein CP2 (data RNA species of z3.5 kb was detected in the spleen, a
primary site of hematopoiesis in the adult mouse, asnot shown).
To examine the interaction between FOG and GATA-1 well as in the liver and testis, but not in the heart, brain,
lung, kidney, or skeletal muscle (data not shown). Amongin mammalian cells, we generated a rabbit polyclonal
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Figure 2. Specific Interaction of FOG with GATA-1 in Yeast, In Vitro, and In Vivo.
(A) Schematic representation of the yeast one-hybrid system. N1C N-f, and C-f of GATA-1; AD, GAL4 activation domain.
(B) FT4 yeast cells were transformed with the reporter plasmid shown in (A). Single colonies were then transformed with expression vectors
encoding the indicated proteins. b-gal activity was measured in triplicate by quantitative liquid culture assays. Bars, SEM.
(C) In vitro±translated, 35S-methionine-labeled FOG (aa 279±760) was incubated with various GST fusion proteins immobilized on glutathione
agarose beads. After the beads were washed, bound proteins were eluted and resolved by SDS-PAGE. Coomassie staining of the gel confirmed
equivalency of loading (data not shown).
(D) Coimmunoprecipitation of FOG with GATA-1 in transfected COS cells and MEL cells. Nuclear extracts were immunoprecipitated with
a-GATA-1 antibody or with control antibody (a-CD31). Western blot analysis was performed using a-FOG antibody (upper panel) or a-GATA-
1 antibody (lower panel).Arrows indicate coprecipitating FOG and precipitatedGATA-1 or GATA-1 mutant. The arrowhead indicates precipitating
antibodies. C, control antibody; DN, DN-f.
hematopoietic cell lines, FOG was strongly expressed Synergism between FOG and GATA-1 in
Activating Transcription from ain all erythroid lines tested, including FL-F4N, ME17.E8,
BA3.4 (Figure 4A), G1E, SKT6, and K562 (data not Hematopoietic-Specific
Regulatory Regionshown), in the megakaryocytic line B10, and in the in-
terleukin-3 (IL-3)-dependent hematopoietic progenitor Given the dispensability of the N-terminal activation do-
main of GATA-1 for function in erythroid cells (Weiss etlines Ba/F3 and 32D. Low levelexpression was observed
in several lymphoid and early myeloid cell lines, while al., 1997), we sought to test FOGas a candidatecofactor
for GATA-1-mediated transcription. The inability of FOGlittle or no FOG mRNA was detected in mast cell and
macrophage lines. to synergize with GATA-1 in activation of minimal pro-
moters (data not shown) raised the possibility that tran-To confirm expression and cellular localization of FOG
in specific hematopoietic lineages, we examined primary scriptional synergy might require the organization of a
native promoter. To address this, we constructed a re-hematopoietic cells. Immunofluorescence staining us-
ing purified a-FOG antibody demonstrated the presence porter plasmid containing the growth hormone gene
fused to the entire 7 kb upstream regulatory region ofof FOG protein in the nuclei of E10.5 yolk-sac-derived
embryonic erythroblasts (Figure 4B), adult erythroblasts the hematopoietic-specific p45 NF-E2 gene (Figure 5A).
This region is sufficient to direct expression of a p45from E12.5 fetal liver (data not shown), and primary
megakaryocytes cultured from E12.5 fetal liver (Figure NF-E2 transgene in stably transfected erythroid cells
(C. A. T. and S. H. O., unpublished data) and contains4B). No FOG protein was detected in primary mast cells
or macrophages grown from bone marrow (data not a distal enhancer with numerous sequence motifs, in-
cluding GATA sites. Transfection of NIH3T3 cells with ashown). Thus, FOG is expressed in vivo in both embry-
onic and adult erythroblasts and in megakaryocytes. As GATA-1 or FOG expression plasmid resulted in low lev-
els of transcription, compared with transfection of anthese cells also strongly express GATA-1 protein (data
not shown), we conclude that FOG and GATA-1 are empty expression plasmid (Figure 5A). In contrast, co-
transfection of equal amounts of GATA-1 and FOG plas-coexpressed in these two hematopoietic lineages. It is
noteworthy that FOG and GATA-1 are not coexpressed mids led to a significant (9- to 13-fold) increase in re-
porter gene activity (lane 4). As a control, FOG did notin mast cells.
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Figure 4. Expression of FOG in Hematopoietic Tissues and Cells
(A) Northern blot analysis of poly(A)1 RNA or total cellular RNA (last
2 lanes) isolated from the indicated murine cell lines. Hybridization
with a FOG cDNA probe is shown in the upper panels. Control
hybridizations with GAPDH or b-actin cDNAs are shown in the lower
panels. Mw, macrophage; Ery, erythroid cells; Ma, mast cells; MK,
megakaryocytes; T, T lymphoid; Fibro, fibroblasts.
(B) Immunofluorescence analysis demonstrating expression of FOG
protein in embryonic erythroblasts and primary megakaryocytes.
Cells were stained with a-FOG antibody or preimmune serum. Origi-
nal magnification, 4003.
in activated transcription (Figure 5B, DC-f). Interestingly,
reporter activity was strongly stimulated by FOG and a
Figure 3. Comparison of FOG and GATA-1 Expression in Devel- GATA-1 derivative lacking the dispensable N-terminal
oping Mouse Embryos activation domain (Figure 5B, D1±63). Thus, this domain
(A) Whole-mount RNA in situ hybridization analysis of FOG expres- is also largely dispensable for synergistic activation of
sion in an E8.5 embryo. Note staining of yolk sac blood islands transcription by FOG and GATA-1.
(arrow) and the allantois (arrowhead). ys, yolk sac.
(B) Whole-mount immunohistochemistry on an E8.5 embryo using
Functional Cooperation between FOG and GATA-1a-GATA-1 antibody.
in Erythroid and Megakaryocytic Differentiation(C) Cross-section through the E8.5 embryo shown in (A). Arrows
indicate yolk sac blood islands. GATA-1 is essential for normal erythroid and megakary-
(D) Higher magnification of (C) demonstrating expression of FOG in ocytic differentiation. If the interaction of FOG with
the embryonic red blood cells (rbc) within the yolk sac blood islands. GATA-1 is critical for GATA-1's function in vivo, altering
e, extraembryonic endoderm.
the level of FOG within cells might be expected to(E and F) In situ hybridization of a FOG (E) or GATA-1 (F) antisense
influence GATA-1-dependent differentiation. Hence, weRNA probe to mid-sagittal sections from E12.5 embryos. Arrows
examined the ability of FOG to cooperate with GATA-1indicate fetal livers.
in rescuing terminal erythroid maturation of the GATA-12
erythroid cell line G1E (Weiss et al., 1997) and in con-
verting early myeloid 416B cells to megakaryocytesstimulate the high basal level transcription of a thymidine
kinase promoter construct (data not shown). These data (Visvader et al., 1992). Since the parental lines express
endogenous FOG at a low level (Figure 4A and datademonstrate that FOG synergizes with GATA-1 to acti-
vate transcription from a native hematopoietic-specific not shown), the experiments described below address
effects of the relative stoichiometry of FOG and GATA-1promoter.
To identify regions of GATA-1 critical for these tran- on differentiation in these two biological systems.
Erythroid Differentiationscriptional effects, we examined the ability of FOG to
synergize with various derivatives of GATA-1. As shown To test for cooperativity between FOG and GATA-1 in G1E
cells, we created a conditionally active form of murinein Figure 5B, FOG failed to synergize with a GATA-1
derivative lacking the N-f (DN-f). This strongly suggests GATA-1 by fusing its coding region to the ligand-binding
domain of the human estrogen receptor (ER). Thisthat direct protein±protein interaction between FOG and
GATA-1, mediated by the N-f, is required for transcrip- GATA-1/ER fusion protein activates GATA-dependent
promoter-reporter constructs in the presence of estro-tional synergy. DNA binding by GATA-1 is also required,
as deletion of the C-f resulted in a significant reduction gen and, when stably expressed in G1E cells, induces
Cell
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Figure 5. Synergistic Activation of Transcription by FOG and
GATA-1 from p45 NF-E2 Regulatory Sequences
(A) NIH3T3 cells were transiently transfected with the reporter plas-
mid and expression vectors encoding FOG and GATA-1, as indi-
cated. Values are expressed as the fold activation of the reporter
gene above that observed with the reporter alone and represent the
averages of seven independent experiments.
(B) NIH3T3 cells were transiently transfected with the reporter plas-
mid and expression vectors encoding FOG and various deletion
mutants of GATA-1, as indicated. Values are presented as in (A) and
represent the averages of three independent experiments. Bars, SEM.
terminal erythroid maturation in an estrogen-dependent
manner (C. Y., M. J. W., and S. H. O., unpublished data).
Two independent G1E clones stably expressing
GATA-1/ER, designated G1ER clones, were infected
with retrovirus-harboring FOG cDNA and a zeocin resis-
tance gene, and were tested for estrogen-dependent
erythroid differentiation.
As shown in Figure 6, FOG enhances the ability of
GATA-1/ER to induce terminal erythroid maturation in
Figure 6. Potentiation of GATA-1-Mediated Erythroid Differentiation
G1E cells. Twenty-four hours after induction of differen- by FOG
tiation, infected G1ER cells expressing exogenous FOG (A) Benzidine staining of infected G1ER cells prior to and 48 hr
displayed a 3- to 4-fold increase in the percentage after induction of differentiation. Darkly staining cells are benzidine-
of benzidine-positive cells, as compared to uninfected positive. The figures shown are representative for two independent
experiments. Original magnification, 4003.cells or cells infected with control (zeocin gene only)
(B) Quantitative analysis of benzidine staining in two independentretrovirus (Figures 6A and 6B). We observed few if any
G1ER clones infected with FOG orcontrol retrovirus. The percentagebenzidine-positive cells in untreated or mock-treated
of benzidine-positive cells was determined at various time points
pools of infected cells, demonstrating that FOG alone is after induction of differentiation. Data points are from one represen-
unable to induce terminal erythroid maturation. Northern tative experiment.
blot analysis was consistent with these results, revealing (C) Northern blot analysis of a- and b-globin mRNA expression.
Total RNA was isolated from infected G1ER cells at the indicatedthat 6±24 hr after induction, a- and b-globin mRNAs
times after induction of differentiation. Control hybridization withwere induced to levels 3- to 4-fold higher in FOG-
GAPDH is shown in the bottom panel.infected G1ER cells compared to control infected cells
(Figure 6C). Finally, immunofluorescence analysis showed
that cells expressing both exogenous FOG and func- FOG or GATA-1 cDNAs into 416B cells. As shown in
Figure 7A, stable transfectants expressing FOG alonetional GATA-1 exhibited a higher degree of band3 (eryth-
rocyte anion exchanger) induction, relative to cells ex- resembled parental 416B cells and expressed only very
low levels of acetylcholinesterase (AChE) activity in apressing only GATA-1 (data not shown). Taken together,
these results demonstrate a biological role for FOG as small population of cells (5% to 8%; Figure 7B). By
contrast, stable transfectants expressing GATA-1 alonea GATA-1 cofactor in erythroid cells.
Megakaryocyte Differentiation exhibited morphological evidence of megakaryocytic
differentiation. A large proportion of these cells (.85%)To examine potential cooperativity between FOG and
GATA-1 in megakaryocytic differentiation, we intro- contained low to moderate levels of AChE activity, con-
firming differentiation along the megakaryocytic lineageduced G418-selectable expression vectors containing
FOG Is a Novel Cofactor for GATA-1 in Hematopoiesis
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coexpression with FOG (Figure 7B). Therefore, the N-f
of GATA-1 is required not only for the interaction of FOG
and GATA-1, but also for their cooperative effects on
megakaryocytic differentiation.
Discussion
Prior studies suggest that the in vivo function of the
essential hematopoietic regulator GATA-1 requires a
transcriptional cofactor (Weiss et al., 1997). Taken to-
gether, FOG's specific interaction with the N finger of
GATA-1, the coexpression of FOG and GATA-1 during
mouse development and hematopoiesis, and the coop-
erative action of FOG and GATA-1 in both erythroid and
megakaryocytic differentiation strongly support assign-
ment of FOG as the postulated cofactor. These findings
provide critical insight into how GATA-1 functions in
hematopoietic cells and have broad implications for the
control of other GATA factors.
FOG, a Complex Multitype Zinc Finger Protein
FOG is distinctive for its nine widely spaced zinc fingers.
Although most commonly thought of in the context of
DNA recognition, zinc fingers also constitute protein
interaction domains (Crossley et al., 1995; Sun et al.,
1996). Indeed, as assayed in yeast cells, the minimal
GATA-1-interacting region of FOG localizes to residues
encompassing a single C2HC zinc finger (F6, Figure 1B).
The folded conformation of F6 is important, as mutations
of thecysteines abrogate interaction with GATA-1 (M. C.,
unpublished data). Hence, we speculate that the interac-
tion of FOG with GATA-1 is mediated by one or possiblyFigure 7. Cooperativity between FOG and GATA-1 in Megakaryo-
cytic Differentiation multiple fingers in FOG.
(A) Cell suspensions and AChE staining of 416B transfectants. 416B Four of FOG's fingers are of the C2H2 type, first identi-
cells were stably transfected with expression vectors encoding FOG fied in the Xenopus laevis transcription factor TFIIIA.
and GATA-1, as indicated. Large cells (upper panels) are mature Two adjacent C2H2 fingers in FOG resemble double zincmegakaryocytes. Cells with orange to dark brown cytoplasmic gran-
fingers found in two developmental proteins, the Dro-ules (lower panels) are AChE-positive. The figures shown are repre-
sophila melanogaster homeoprotein sal (Kuhnlein et al.,sentative for six independent experiments. Original magnifications
1994) and the Caenorhabditis elegans protein SEM-4of upper and lower panels, 3203 and 4003, respectively.
(B) Degree of AChE staining in 416B transfectants expressing FOG, (Basson and Horvitz, 1996). To a lesser degree, the dou-
GATA-1, or a GATA-1 mutant lacking the N-f, as indicated. Staining ble fingers of FOG resemble those in the human tran-
was scored as undetectable (2), low (1), moderate (11), or very scription factor PRDII-BF1 (Fan and Maniatis, 1990). This
high (111). Values are expressed as percentages of total cells and
protein contains two widely separated sets of fingers,represent the averages of two independent experiments. Bars, SEM.
each of which binds to the same DNA sequence. The
remaining five of FOG's fingers are of the C2HC type.
C2HC fingers similar in structure to those of FOG have(Figure 7B). Transfectants expressing both FOG and
been described in a number of transcriptional regulatorsGATA-1 displayed a significantly greater degree of mor-
and have been shown to bind DNA: e.g., those in thephological differentiation. Staining for AChE activity
Xenopus protein X-MyT1 (Bellefroid et al., 1996). Curi-confirmed the induction of a higherdegree of differentia-
ously, PRDII-BF1 contains one solitary C2HC finger oftion; z75% of cotransfected cells exhibited moderate
unknown function. Studies are in progress to determineor intense staining, compared to z35% of GATA-1
if intact FOG protein binds DNA in a sequence-specifictransfectants (Figure 7B). Consistent with these results,
manner.the level of AChE transcripts, as determined by semi-
quantitative RT-PCR, was 3- to 4-fold higher in transfec-
tants expressing both FOG and GATA-1, relative to Implications of FOG for GATA-1 Function
Previous studies hinted at a dual role for the DNA-bind-transfectants expressing GATA-1 alone (data not shown).
To determine whether cooperativity is dependent on ing domain of GATA-1 and the related proteins GATA-2
and GATA-3 in both DNA±protein and protein±proteinthe interaction of FOG and GATA-1, we stably trans-
fected 416B cells with expression vectors encoding FOG interactions. For example, it mediates physical interac-
tions with KruÈ ppel family factors, such as the ubiquitousand a GATA-1 mutant lacking the N-f (DN-f). This mutant
induced a limited degree of megakaryocytic differentia- protein Sp1 and the erythroid-specific factor EKLF
(Merika and Orkin, 1995). However, in contrast to thetion (Visvader et al., 1995), which was not enhanced by
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FOG±GATA-1 association described here, the major de- interaction with GATA-1, FOG might contribute an acti-
vation domain competent to interact with componentsterminant for these interactions is the C finger. Similarly,
the minimum region required for self-association of of the basal transcriptional machinery. Alternatively,
FOG might represent a cofactor (or adaptor). In thisGATA-factors localizes to the C finger (Crossley et al.,
1995). It has also been reported that GATA proteins instance, FOG would aid in the assembly of a larger
complex and would not serve as a transcriptional activa-associate with the LIM domain protein Rbtn2/LMO2
(Osada et al., 1995), presumably through the finger do- tor per se. The presence of acidic and proline-rich re-
gions in FOG (Figure 1B) and synergy of FOG with amain. These observations indicate that the fingers of
GATA-factors are multifunctional in that they mediate transcriptionally inactive mutant of GATA-1 (Figure 5B)
in nonhematopoietic cells are compatible with the for-protein interactions as well as DNA binding. The rele-
vance of such interactions for GATA-1 function has yet mer possibility. However, FOG-GAL4 DNA-binding do-
main fusions fail to stimulate transcription of reportersto be established.
The high degree of specificity of the protein interaction containing multimerized GAL4-binding sites, as assayed
in yeast or mammalian cells (A. P. T. and S. H. O., unpub-described here suggests that recruitment of FOG (and
potentially other cofactors) to DNA-bound GATA-1 may lished data). Therefore, the transcriptional activity of
FOG may be context-dependent and may require multi-be a primary function of the N finger of GATA-1. From
this perspective, GATA-1's principal role as a nuclear ple protein±protein and protein±DNA interactions, as
has been observed for ALY, a novel coactivator of LEF-1regulator may be to mark critical sites on DNA and to
serve as a docking station for the assembly of a cell- and AML-1 (Bruhn et al., 1997).
The presence of multiple finger motifs adds furtherspecific transcriptional complex. An obvious implication
of our findings is that GATA-1 functions within a complex complexity by suggesting a potential role for FOG in
DNA recognition. By interacting with both protein andcontaining at least one other cell-restricted component,
namely FOG. This complex might include other essen- DNA, FOG might influence the specificity and/or function
of DNA binding by GATA-1. Whereas free GATA-1 bindstial erythroid/megakaryocytic nuclear factors, such as
Rbtn2/LMO2 and tal-1/SCL, although this remains to be to GATA consensus sites, a FOG±GATA-1 complex
might only bind to a subset. A precedent for DNA se-established. We envision that FOG plays a critical role in
the assembly of the complex and also possibly bridges quence-dependent complex formation is provided by
studies of the B lymphoid cell coactivator Bob1/OBF1/DNA-bound GATA-1 to distant sites along the chromatin
(see below). OCA-B (Strubin et al., 1995). Bob1 serves as a coactiva-
tor for octamer-binding transcription factors only at spe-
cific octamer sites, thereby leading to the differentialCombinatorial Control of Erythroid and
coactivation of octamer site-containing promotersMegakaryocytic Differentiation
(Gstaiger et al., 1996). In contrast to Bob1, which partici-Although red cells and megakaryocytes differ in their
pates in binding to composite octamer sites, FOG mightappearance and biological functions, their precursors
recognize sites distinct from the GATA consensus motif.share a common bipotent progenitor and transcription
In this regard, FOG might resemble MEF2 factors, whichfactors, including GATA-1 and NF-E2 (Martin et al., 1990;
act as coregulators for myogenic bHLH factors (re-Romeo et al., 1990; Andrews et al., 1993). The require-
viewed in Molkentin and Olson, 1996). Recent studiesment for GATA-1 in normal development of both cell
show that promoter-bound MEF2 supports a functionaltypes is consistent with this close lineage relationship.
interaction with myogenic bHLH proteins bound todistalIt is noteworthy that FOG is coexpressed with GATA-1
enhancer E-boxsites. By simultaneously binding both toat a high level in these lineages but is not detectably
their cognate sites and to each other, FOG and GATA-1expressed in mast cells, where GATA-1 is not evidently
might facilitate local promoter±enhancer associations,required for terminal maturation (Pevny et al., 1995).
as well as long-range interactions, such as those pro-Moreover, FOG and GATA-1 synergize in activating tran-
posed to occur in globin gene loci (Milot et al., 1996).scription of the erythroid/megakaryocytic-expressed
p45 NF-E2 gene and cooperate in terminal differentia-
tion of GATA-12 erythroid cells and in megakaryocytic FOG and GATA-1: A Paradigm for Regulation
conversion of myeloid 416B cells. As this latter effect of Other GATA Factors?
of FOG is dependent on the presence of the N finger of Our findings demonstrate that the activity of GATA-1 is
GATA-1, we infer that direct interaction between FOG regulated through its interaction with a complex zinc
and GATA-1 is required for in vivo cooperativity. Our finger protein, FOG, whose expression is also restricted
findings suggest that FOG constitutes part of a combina- during development. Several observations suggest that
torial signal for the differentiation of both the erythroid this paradigm may extend beyond GATA-1. First, the
and megakaryocytic lineages. two-finger arrangement of GATA factors is highly con-
served among species, a finding pointing to conserved
functions of the N finger. Second, GATA factors partici-Potential Mechanisms for Cooperativity
between FOG and GATA-1 pate in critical developmental pathways in diverse or-
ganisms, although FOG is expressed at high level onlyHow does FOG potentiate the activity of GATA-1 in ery-
throid cells and megakaryocytes? Potential models must in particular sites. Third, Drosophila pannier, a GATA
factor involved in the regulation of achaete and scuteaccount for FOG's ability to cooperate with a form of
GATA-1 lacking transcriptional activation function. On expression during neurogenesis, is negatively regu-
lated by a complex zinc finger protein encoded by thethe one hand, FOG could act as a true coactivator. Upon
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agarose beads (Smith and Johnson, 1988). Purified GST-FOG fusionU-shaped (ush) locus (P. Simpson, personal communi-
protein was injected into rabbits (Charles River Laboratories) tocation). Like FOG, USH has four C2H2 and five C2HC-type
produce polyclonal antisera.fingers, and also interacts with the N finger of GATA-1.
However, in contrast to FOG, USH antagonizes the tran- Immunoprecipitations and Western Blot Analysis
scriptional activity of pannier. Remarkably, comparison The FOG expression vector pMT2FOG was constructed by inserting
of their primary sequences indicates that FOG and USH full-length FOG cDNA into the EcoRI site of pMT2 (Kaufman, 1990).
The expression plasmids pXMGATA-1 and pXMDN-f have been pre-are not homologous proteins. Taken together, these ob-
viously described (Martin and Orkin, 1990). COS cells wereservations predict the existence of various FOG-like
transfected with 5 mg plasmid by the DEAE-dextran method (Sam-complex zinc finger proteins that modulate the tran-
brook et al., 1989). Cells were harvested after 48 hr and nuclear
scriptional activity of GATA-factors either positively or extracts prepared as described (Crossley et al., 1995).
negatively in different developmental settings. Given the Nuclear extracts were diluted into 140 ml of binding buffer (150
lack of direct sequence similarity between FOG and mM NaCl, 20 mM Tris-HCl [pH 7.5], 0.1% NP-40, 1 mM EDTA, 1 mM
DTT, protease inhibitor cocktail) and incubated for 1 hr at 48C withUSH, functional or genetic screens will be required to
4 ml of rat monoclonal a-GATA-1 (N6) antiserum (Santa Cruz Biotech-identify other proteins that regulate the function of GATA
nology) and 1 ml of monoclonal a-rat IgG2a antibodies (Sigma).family members.
Complexes were precipitated with protein A Sepharose, washed
four times in binding buffer, resolved by 10% SDS-PAGE, and trans-
Experimental Procedures ferred to nitrocellulose membranes. Filters were incubated with pro-
tein A-purified a-FOG antiserum (1:1000) or a-GATA-1 antiserum
All recombinant DNA work was done using standard techniques (1:500), followed by HRP-coupled secondary antibodies, and devel-
(Sambrook et al., 1989). Details of plasmid constructions and oligo- oped by ECL (Amersham).
nucleotide sequences are available upon request.
Immunofluorescence Analysis of Primary
Yeast Two-Hybrid System Hematopoietic Cells
The N-f of murine GATA-1 (aa 200±248) was cloned by PCR in-frame Erythroid cells were harvested from E10.5-E12.5 embryos. Mega-
into the GAL4 DNA-binding domain plasmid pGBT9. A MEL cDNA karyocytes were obtained by replating E12.5 fetal liver cells into
expression library was constructed in the GAL4 activation domain semisolid medium (Methocult, Stem Cell Technologies) supple-
plasmid pGAD10. Yeast two-hybrid screening was performed as mented with human thrombopoietin (Amgen). Macrophages and
described (CLONTECH Matchmaker Two-Hybrid System Protocol). mast cells were cultured from bone marrow cells (Porcher et al.,
To determine the minimum region of FOG required for interaction 1996). Immunofluorescence staining of fixed cells was performed
with the N-f of GATA-1, different regions of FOG were obtained as described (Weiss et al., 1997).
by PCR and cloned in-frame into pGAD10. HF7c yeast cells were
cotransformed with the pGBT9-N-f bait plasmid and each pGAD10- Northern Blot Analysis
FOG construct. The region of FOG required for interaction with the Poly(A)1 RNA was isolated from various murine hematopoietic cell
N-f was localized to amino acids 678±760. lines (Visvader et al., 1991). For analysis of globin gene expression
in infected G1ER cells, total cellular RNA was isolated by standard
cDNA Cloning procedures (Chomczynski and Sacchi, 1987). RNA (3 mg poly(A)1
Additional clones overlapping the M10 cDNA insert were isolated RNA/lane or 8 mg total RNA/lane) was fractionated on 1% agarose-
from MEL and mouse embryonic erythroblast (Chui et al., 1995) formaldehyde gels, transferred to nitrocellulose membranes, and
lgt11 cDNA libraries. The cDNA inserts of positive phage clones hybridized to the appropriate radiolabeled cDNA probes.
were subcloned and sequenced on both strands by standard
methods. In Situ Hybridization
The partial cDNA insert from the FOG library plasmid M10 and the
Yeast One-Hybrid System full-length mouse GATA-1 cDNA were subcloned into pBluescript
Baits were constructed by subcloning PCR-generated fragments KS (Stratagene). Antisense RNA probes were prepared by in vitro
into the galactose-inducible yeast expression vector pSD.04a (Dal- transcription of the pBSKS templates using T3 polymerase with
ton and Treisman, 1992). The reporter plasmid (a gift from T.Blumen- digoxigenin-UTP (Boehringer Mannheim). Whole-mount and stan-
thal) was transformed into FT4 yeast cells by the LiAc method and dard in situ hybridizations were performed as described (Wilkin-
maintained by selection on Ura2 medium. Individual Ura1 colonies son, 1992).
were cotransformed with the pSD.04a baits and the FOG library
plasmid M10, and plated onto Trp2Leu2Ura2 dextrose plates. Co- Transactivation Assays in NIH3T3 Fibroblasts
transformants were assayed for b-gal activity in a liquid culture A reporter plasmid was constructed by inserting 7 kb of the p45
enzyme assay using ONPG (Sigma), as described (CLONTECH NF-E2 upstream region into the growth hormone vector p0GH. Ex-
Matchmaker Two-Hybrid System Protocol). pression plasmids for GATA-1 mutants have been described (Martin
and Orkin, 1990). NIH3T3 cells were transiently transfected by the
In Vitro Binding Studies CaPO4 precipitation method, using 1 mg of reporter plasmid and 3
GST interaction assays were performed as described (Merika and mg of the appropriate expression plasmid (pMT2FOG, pXMGATA-1,
Orkin, 1995). The fingers of GATA-1 (N or N1C) as well as the full- or GATA-1 mutants). Secreted growth hormone was assayed after
length coding region of GATA-1 were obtained by PCR and sub- 48 hr (Nichols Institute Diagnostics).
cloned in-frame into the pGEX-2TK expression vector (Pharmacia).
Expression and purification of GST and GST fusion proteins were Retroviral Infections of G1E Cells
performed according to standard protocol (Smith and Johnson, An mGATA-1/ER fusion cDNA was constructed (Briegel et al., 1993)
1988). 35S-labeled FOG (aa 279±760) was prepared by in vitro tran- and subcloned into a modified pGD retroviral vector (Daley et al.,
scription/translation using Promega's TNT T7 coupled reticulocyte 1990) containing a puromycin resistance gene driven by the SV40T
lysate system. promoter. A dicistronic vector was constructed consisting of an
LTR-driven FOG gene followed by an IRES-zeocin cassette in the
retroviral vector MFG (Weiss et al., 1997). A transient transfectionPreparation of FOG Antisera
A PCR-generated fragment encoding aa 19±248 of murine FOG was system (Pear et al., 1993) was used to infect G1E cells with GATA-1/
ER-expressing retrovirus, and G1ER cells with retrovirus harboringsubcloned in-frame into pGEX2TK (Pharmacia). The pGEX2TK con-
struct was transformed into the E. coli strain BL21(DE3)pLysS. Ex- FOG cDNA. Infected G1E cells were seeded in methylcellulose me-
dium containing puromycin (1 mg/ml). Infected G1ER cells werepressed GST and GST-FOG proteins were purified on glutathione
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selected by culturing in media containing zeocin (90 mg/ml) for 7 protein recruited by serum response factor to the c-fos serum re-
sponse element. Cell 68, 597±612.days. Expression of GATA-1/ER was verified by Western blotting;
expression of the FOG transgene was confirmed by Northern blot Evans, T., andFelsenfeld, G. (1989). The erythroid-specific transcrip-
analysis. To induce differentiation, zeocin-resistant pools of cells tion factor eryf1: a new finger protein. Cell 58, 877±885.
were cultured in the presence of 1027 M b-estradiol. Cells were Fan, C.-M., and Maniatis, T. (1990). A DNA-binding protein con-
stained for hemoglobin according to standard protocol (Orkin et al., taining two widely separated zinc finger motifs that recognize the
1975). For each sample, .500 cells were examined for benzidine same DNA sequence. Genes Dev. 4, 29±42.
positivity.
Gstaiger, M., Georgiev, O., van Leeuwen, H., van der Vliet, P., and
Schaffner, W. (1996). The B cell coactivator Bob1 shows DNA se-Stable Transfections of 416B Cells
quence-dependent complex formation with Oct-1/Oct-2 factors,FOG cDNA was subcloned into the expression vector pEF1a-neo
leading to differential promoter activation. EMBO J. 15, 2781±2790.(Kotkow and Orkin, 1995). The expression plasmid pEF-MC1neo/
Karnovsky, M.J., and Roots, L. (1964). A direct colouring thiocholineGATA-1 has been described previously (Visvader et al., 1992). Lin-
method for cholinesterases. J. Histochem. Cytochem. 12, 219±221.earized expression vectors were electroporated into 416B cells as
described (Visvader et al., 1992). Either 10 mg of pEF-MC1neo/ Kaufman, R.J. (1990). Vectors used for expression in mammalian
GATA-1 and 20 mg of pEF-1aneo/FOG were coelectroporated, or cells. Methods Enzymol. 185, 487±511.
10 mg of each expression plasmid was ligated after linearization and Kotkow, K.J., and Orkin, S.H. (1995). Dependence of globin gene
then electroporated into 416B cells. Transfectants were monitored expression in mouse erythroleukemia cells on the NF-E2 hetero-
cytologically 7±10 days after selection in G418. AChE staining of dimer. Mol. Cell. Biol. 15, 4640±4647.
cytocentrifuge preparations was performedusing standard protocol
Kuhnlein, R.P., Frommer, G., Friedrich, M., Gonzalez-Gaitan, M.,(Karnovsky and Roots, 1964). For each sample, .500 cells were
Weber, A., Wagner-Bernholz, J.F., Gehring, W.J., Jackle, H., andevaluated for AChE activity.
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